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Over the past two decades, the magnetic ground states of all rare earth titanate pyrochlores have
been extensively studied, with the exception of Sm2Ti2O7. This is, in large part, due to the very
high absorption cross-section of naturally-occurring samarium, which renders neutron scattering
infeasible. To combat this, we have grown a large, isotopically-enriched single crystal of Sm2Ti2O7.
Using inelastic neutron scattering, we determine that the crystal field ground state for Sm3+ is
a dipolar-octupolar doublet with Ising anisotropy. Neutron diffraction experiments reveal that
Sm2Ti2O7 orders into the all-in, all-out magnetic structure with an ordered moment of 0.44(7) µB
below TN = 0.35 K, consistent with expectations for antiferromagnetically-coupled Ising spins on the
pyrochlore lattice. Zero-field muon spin relaxation measurements reveal an absence of spontaneous
oscillations and persistent spin fluctuations down to 0.03 K. The combination of the dipolar-octupolar
nature of the Sm3+ moment, the all-in, all-out ordered state, and the low-temperature persistent
spin dynamics make this material an intriguing candidate for moment fragmentation physics.
Rare earth titanate pyrochlores of the form R2Ti2O7
have long been a centerpiece in the study of geometrically-
frustrated magnetism [1]. In this family of materials, the
magnetism is carried by the R3+ rare earth ions, which
decorate a network of corner-sharing tetrahedra.The study
of this family has led to the discovery of a range of fas-
cinating ground states such as the dipolar spin ice state,
which was first observed in Ho2Ti2O7 and Dy2Ti2O7 [2–
4]. Here local Ising anisotropy combines with dominant
dipolar interactions, which are ferromagnetic at the near-
est neighbour level on the pyrochlore lattice [5]. The
spin ice state is characterized by individual tetrahedra
obeying two-in, two-out “ice rules”, wherein two spins
point directly towards the tetrahedron’s center and the
other two spins point outwards (left inset of Fig. 1). This
configuration can be achieved in six equivalent ways for a
single tetrahedron, giving rise to a macroscopic degener-
acy for the lattice as a whole. In other titanates, where
the rare earth moments are smaller than in Ho2Ti2O7
and Dy2Ti2O7, dipolar interactions become less impor-
tant and exchange interactions tend to dominate. This
is exactly the case when R = Sm3+ (∼ 1 µB), where
the magnetic moment is reduced by a factor of ten from
R = Ho3+ and Dy3+ (∼ 10 µB), corresponding to dipolar
interactions that are weaker by two orders of magnitude.
In this letter we show that anitferromagnetically cou-
pled Ising spins with negligible dipolar interactions give
rise to an all-in, all-out (AIAO) magnetic ground state
in Sm2Ti2O7. The AIAO structure is characterized by
adjacent tetrahedra alternating between all spins pointing
inwards and all spins pointing outwards (right inset of
Fig. 1). Unlike the ferromagnetic spin ice state, the antifer-
romagnetic AIAO state does not give rise to a macroscopic
degeneracy; placing a single spin as “in” or “out” is enough
to uniquely constrain the orientations of all other spins on
the lattice. A host of neodymium pyrochlores with varying
non-magnetic B sites also display the AIAO ground state,
Nd2B2O7 (B = Sn, Zr, Hf) [6–9]. Nd2Zr2O7 is a partic-
ularly interesting case as magnetic Bragg peaks from the
AIAO structure and disordered, spin ice-like diffuse scat-
tering coexist at low temperatures [10]. This exotic phe-
nomenology has been termed moment fragmentation [11].
Recent theoretical work [12] has argued that the origin
of this effect is the peculiar dipolar-octupolar symmetry
of the Nd3+ ground state doublet [7, 8]. When combined
with an AIAO ground state, the symmetry properties
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2of this dipolar-octupolar doublet allow the decoupling
of the divergence-full (AIAO) and divergence-free (spin
ice) fluctuations [12]. Here we use neutron spectroscopy
to determine the dipolar-octupolar nature of the crystal
field ground state doublet of Sm2Ti2O7 and use neutron
diffraction to show that it orders into an AIAO structure
below TN = 0.35 K. Muon spin relaxation measurements
reveal persistent spin dynamics within the magnetically
ordered state, down to 0.03 K. Thus, we demonstrate that
Sm2Ti2O7 possesses the requisite ingredients for moment
fragmentation physics.
In contrast to the extensive studies that have been
performed on the other magnetic titanate pyrochlores,
R2Ti2O7 (R = Gd, Tb, Dy, Ho, Er, Yb), the magnetic
properties of Sm2Ti2O7 have remained largely unexplored.
Prior studies of Sm2Ti2O7 were limited to bulk prop-
erty measurements in the paramagnetic regime, above
0.5 K, which revealed weak antiferromagnetic interac-
tions (θCW = −0.26 K) [13]. While the other above-
mentioned titanate pyrochlores have been the subjects
of a plethora of elastic and inelastic neutron scattering
experiments, equivalent experiments on Sm2Ti2O7 are
daunting. The first reason is the size of the Sm3+ mag-
netic moment; the Lande g-factor associated with the 4f5
electronic configuration is its smallest possible non-zero
value (gJ = 2/7), giving rise to small moments even in the
absence of crystal field effects (which make the moment
smaller still). This small magnetic moment represents a
significant hindrance because scattered neutron intensity
varies as the moment squared. Compounding this effect
is that naturally-occurring samarium is a very strong neu-
tron absorber due to the presence of 149Sm at the 13.9%
level (σabs = 42, 000 barns). Neutron scattering measure-
ments of the type we report here are only possible with
a sample isotopically-enriched with 154Sm (σabs = 8.4
barns). However, the neutron absorption cross section of
149Sm is so high that even trace amounts result in a sam-
ple that is still strongly absorbing by neutron scattering
standards.
We grew a large single crystal of Sm2Ti2O7 with the
optical floating zone technique using 99.8% enriched
154Sm2O3 (Cambridge Isotopes). Low-temperature heat
capacity measurements were performed using the quasi-
adiabatic technique. Neutron diffraction measurements
were performed on the D7 polarized diffuse scattering
spectrometer at the Institute Laue-Langevin and beam
line HB-1A at the High Flux Isotope Reactor at Oak Ridge
National Laboratory (ORNL). Inelastic neutron scatter-
ing measurements were performed on the ARCS [14] and
SEQUOIA [15] spectrometers at the Spallation Neutron
Source at ORNL. Muon spin relaxation measurements
were carried out at TRIUMF. Further experimental de-
tails are provided in the Supplementary Materials.
The Hund’s rules ground state for Sm3+ is J = 5/2.
Accordingly, in the reduced symmetry environment of the
pyrochlore lattice, the 2J + 1 = 6 states split into three
FIG. 1. Inelastic neutron scattering measurements of the
crystal electric field (CEF) excitations in Sm2Ti2O7 at 5 K
(red) and 200 K (blue). The temperature difference (yellow)
confirms the presence of two CEF levels, at 16.3(5) meV and
70.0(5) meV. The fits to the data with our CEF model are
given by the solid lines and reveal the Ising nature of the Sm3+
moments in Sm2Ti2O7. The insets show the ferromagnetic
Ising spin configuration (two-in, two-out) and the antiferro-
magnetic Ising spin configuration (all-in, all-out).
TABLE I. Result of the CEF analysis for Sm2Ti2O7, calculated
within a point charge model and then refined by fitting the
two experimentally observed CEF excitations.
Eobs (meV) Efit (meV) | ± 5/2〉 | ± 3/2〉 | ± 1/2〉
0.0 0.0 0 1 0
16.3(5) 16.5 0 0 1
70.0(5) 70.3 1 0 0
Kramers’ doublets, one of which forms the crystal electric
field (CEF) ground state. Inelastic neutron scattering
(INS) measurements on Sm2Ti2O7, which are presented in
Fig. 1 and Fig. S2, show intense excitations at 16.3(5) and
70.0(5) meV corresponding to transitions to the excited
CEF doublets. The lower energy excitation is consistent
with one of the modes previously identified in Raman
scattering experiments by Singh et al [13]. However,
other modes observed in Raman scattering and originally
attributed to additional CEF excitations are not visible
in our INS data. Malkin et al. attempted to determine
the crystal field parameters of Sm2Ti2O7 by modeling
magnetic susceptibility data [16]. This work predicts
CEF levels at 21.4 and 26.4 meV, both of which are
inconsistent with our INS data. It is worth noting that
Sm3+ has a rather atypical form factor, which rather
than monotonically decreasing with Q instead reaches its
maximum value near 5 A˚−1. Both of the CEF transitions
3observed here obey this form factor (see Supplmentary
Materials). These two excitated states account for the
full manifold associated with the J = 5/2 ground state
multiplet.
Next, we modeled the INS data in order to extract
the crystal field Hamiltonian. This analysis is compli-
cated by the strong residual absorption of 149Sm in the
isotopically-enriched single crystal. This issue was ad-
dressed by performing an absorption correction with
Monte Carlo ray tracing simulations using MCViNE [17].
In the case of Sm3+, the Hund’s rules J manifold is
separated from the first excited spin-orbit manifold by
λ(J + 1) ≈ 500 meV [18]. Incorporating this higher man-
ifold into our analysis would require the introduction of
four additional free parameters. This would result in an
under constrained parameterization of the CEF Hamilto-
nian and thus, we have neglected it here. Further details
of these calculations and the subsequent determination
of the CEF eigenvalues and eigenvectors are presented in
the Supplementary Material.
The CEF parameters that provide the best fit to our
INS data for Sm2Ti2O7 within a point charge approxi-
mation are: B20 = 3.397 meV, B40 = 0.123 meV, and
B43 = 8.28 · 10−8 meV. Table I shows the resulting CEF
eigenvectors and eigenvalues. Our refinement gives a
ground-state doublet of pure |mJ = ±3/2〉 character.
The three-fold rotational symmetry at the rare earth
site implies that states within a time-reversal symmetry-
paired Kramers doublet must be composed of mJ basis
states separated by three units. Accordingly, in our case
where the maximum mJ = 5/2, it follows that the dou-
blet composed of |mJ = ±3/2〉 cannot be coupled to any
other basis state and is hence, necessarily pure. The
symmetry nature of this doublet imparts it with an ex-
otic character: while two components of the pseudospin
transform like a magnetic dipole, the third component
transforms as a component of the magnetic octupole ten-
sor [19]. Thus, the ground state doublet in Sm2Ti2O7 is
termed a dipolar-octupolar doublet. This result distin-
guishes Sm2Ti2O7 from other antiferromagnetic Kramers
R2Ti2O7 pyrochlores (R = Er [20] and Yb [21]), which
possess ground state doublets that transform simply as
a magnetic dipole, effectively mimicking a true S = 1/2.
Our refined g-tensor gives gz = 0.857(9) and gxy = 0.0,
corresponding to Ising anisotropy, where the spins point
along their local [111] direction, which connects the ver-
tices of the tetrahedron to its center (inset of Fig. 1).
The magnetic moment within the ground state doublet
of Sm3+ is µCEF = 0.43(6) µB .
Finally, as originally discussed in Ref. [22], we can take
advantage of the fact that extensive CEF studies have
been performed on other rare earth titanate pyrochlores
[20, 21, 23–26], allowing us to use scaling arguments.
An especially good starting point is Er3+ in Er2Ti2O7,
which has a large total angular momentum, J = 15/2.
This material has seven excited crystal field levels, all of
FIG. 2. Sm2Ti2O7 undergoes a long-range magnetic ordering
transition at TN = 0.35 K. The black circles represent the
heat capacity, which shows a sharp anomaly at TN and a T
3
dependence at the lowest temperatures, as indicated by the red
line. The open diamonds represent the intensity of the (220)
Bragg peak, which shows an abrupt increase at TN . The black
lines are guides to the eye. The inset shows a scan over the
(220) Bragg peak above and below TN , where the enhanced
intensity corresponds to the formation of a magnetic Bragg
peak.
which were observed in a recent INS study, leading to a
highly constrained CEF Hamiltonian [20]. Armed with
these results, scaling arguments give us qualitatively good
agreement with the known CEF manifolds for R2Ti2O7
(R = Ho, Tb, and Yb) [20]. When applied to Sm2Ti2O7,
these same scaling arguments predict the CEF ground
state to be pure |mJ = ±3/2〉 with a large energy gap to
the first excited state, consistent with our experimental
determination.
We next turn to the low-temperature collective mag-
netic properties of Sm2Ti2O7. The heat capacity of
Sm2Ti2O7, shown in Fig. 2(a), contains a lambda-like
anomaly at TN = 0.35 K, indicative of a second-order
phase transition to a long-range magnetically ordered
state. This ordering transition was not observed in pre-
vious studies as their characterization measurements did
not extend below 0.5 K [13]. The low temperature region
of the anomaly, below 0.3 K, is well-fit by a T 3 power
law, consistent with gapless, three-dimensional antiferro-
magnetic spin waves. In order to compute the entropy
release associated with this anomaly, we extrapolate the
T 3 behavior to 0 K. Then, an integration of C/T up to 1
K returns an entropy of 0.84 ·R ln 2, close to the full R ln 2
expected for a well-isolated Kramers doublet. Thus, a
small fraction of the entropy release in this system may be
taking place at temperatures above 1 K or some fraction
of the moment may remain dynamic below TN .
We used the D7 polarized neutron scattering spectrom-
eter at the ILL to search for magnetic diffuse scattering
4FIG. 3. Spin flip channel of polarized neutron scattering
measurements on Sm2Ti2O7 in the (HHL) scattering plane at
0.05 K. Magnetic Bragg peaks are observed to form on the
(220) and (113) positions and are absent at the (111), (002),
(222) and (004) positions. Symmetry analysis of this magnetic
diffraction pattern reveals that Sm2Ti2O7 is ordering into the
Γ3 AIAO state with an ordered moment of µord = 0.44(7) µB .
Note that weak bleed-through of nuclear Bragg intensity has
been corrected by subtracting a high temperature (4 K) data
set.
in Sm2Ti2O7. While none could be resolved above or be-
low TN , we did observe the formation of magnetic Bragg
peaks at the (220) and (113) positions in the spin flip
channel (Figure 3). The observed magnetic Bragg reflec-
tions were indexed against the possible ~k = 0 ordered
structures for the 16c Wyckoff position in the Fd3¯m py-
rochlore lattice (Table II). The errors on the observed
peak intensities are rather high due to the small magnetic
signals (µord ≤ µCEF = 0.43 µB) located on large nuclear
Bragg peaks, the absorption from residual 149Sm, as well
as the relatively poor Q-resolution of a diffuse scattering
instrument. However, as can be seen by careful examina-
tion of Table II, the observed magnetic Bragg reflections
nicely map onto the Γ3 irreducible representation. All
other representations can be ruled out by the absence
of magnetic reflections at the (002) and (111) positions
in the experimental data. Γ3 corresponds to the AIAO
magnetic structure (right inset of Fig 1), which is the
expected result when Ising anisotropy is combined with
net antiferromagnetic exchange interactions. The neutron
order parameter, shown in Fig. 2, reveals a sharp onset
below TN = 0.35 K, fully-consistent with the anomaly
observed in the heat capacity.
While the D7 data allowed a definitive determination of
the magnetic structure of Sm2Ti2O7, it is not appropriate
for estimating the value of the ordered moment due to
the coarse Q-resolution of the instrument. The triple axis
spectrometer HB-1A, with its significantly-improved Q-
TABLE II. Bragg peak intensities for the possible ~k = 0
magnetic structures for Sm2Ti2O7. The best agreement is
obtained with the Γ3 all-in all-out structure.
(111) (002) (222) (220) (113) (004)
Observed 0 0 0 1.0±0.4 0.78±0.27 0
Γ3 0 0 0 1.00 0.66 0
Γ5 0.88 0 0 1 0.35 0
Γ7 0.52 1.00 0.44 0.11 0 0
Γ9 [110] 0.69 1.00 0.44 0.43 0.51 0.67
Γ9 [100] 0.06 0.37 0.16 0.44 0.76 1.00
resolution, was therefore used for this purpose. Since HB-
1A uses an unpolarized neutron beam, magnetic intensity
was only observed at the (220) Bragg peak position in this
experiment, which corresponds to the strongest magnetic
reflection expected for the AIAO magnetic structure but
also a relatively weak nuclear Bragg peak. We determined
the Sm3+ ordered magnetic moment by comparing the
ratio of the magnetic intensity to the nuclear intensity at
this Bragg position. This procedure, which incorporated
both the j0 and j2 spherical Bessel function contributions
to the Sm3+ magnetic form factor, yielded an ordered
moment of µord = 0.44(7) µB .
Last, we turn to zero-field muon spin relaxation (µSR)
measurements on Sm2Ti2O7, the results of which are
presented in Fig. 4. The temperature-independent con-
tribution from muons that land outside the sample has
been subtracted, leaving only the sample asymmetry. At
1 K and above, the asymmetry is non-relaxing, indicat-
ing that the Sm3+ moments are in a fast-fluctuating
paramagnetic regime. Approaching TN , the relaxation
gradually increases, consistent with a critical slowing of
the spin dynamics. Over the full temperature range, the
asymmetry is well-described by a Gaussian relaxation,
A(t) = A0e
−λt2 , where λ is the temperature-dependent
relaxation rate. The fitted relaxation rates, which are
weak at all temperatures, are plotted in the inset of Fig. 4
where we see the rate sharply increase at TN and then
ultimately plateaus below 0.2 K.
In a small moment sample such as Sm2Ti2O7, where
the background relaxation is weak, one would expect to
observe spontaneous oscillations in the asymmetry spec-
tra below TN . However, they are strikingly absent in our
measurement. The Gaussian relaxation observed here,
combined with the lack of oscillations in the asymmetry
spectra below TN , is reminiscent of recent µSR measure-
ments on another Ising antiferromagnet, Nd2Zr2O7 [27].
In that case, the Gaussian relaxation was attributed to
strong spin fluctuations that coexist microscopically with
AIAO magnetic order, which generates a dynamic lo-
cal magnetic field at the muon sites below TN . This
coexistance is argued to arise from magnetic moment frag-
mentation, which had been demonstrated in Nd2Zr2O7
via neutron scattering [8, 10]. More specifically, the INS
5FIG. 4. The µSR asymmetry spectra of Sm2Ti2O7 between
1.00 K and 0.03 K, which are well-fit by a Gaussian relaxation,
indicated by the solid lines. The temperature dependence of
the relaxation rate, λ, extracted from these fits is shown in
the inset. Below TN , λ is observed to plateau indicative of
persistent spin dynamics in the ordered state. The absence of
an oscillatory component in the asymmetry is consistent with
moment fragmentation.
data on Nd2Zr2O7 revealed that the dynamic component
of the ground state has a characteristic frequency on the
order of 1010 Hz which is well within the µSR timescale.
The persistent spin dynamics observed in our µSR spec-
tra for Sm2Ti2O7 could well arise from a similar origin.
The absence of oscillations in an ordered state may also
arise from a cancellation of the static dipolar field at the
muon site from different ordered moments. However, this
scenario is ruled out here by three simple observations:
(1) there are no potential high-symmetry muon sites in
the pyrochlore structure where the field could cancel by
symmetry, (2) an oscillatory component has been observed
in the µSR of another AIAO pyrochlore Nd2Sn2O7 [6],
where it is important to note that, unlike Nd2Zr2O7, frag-
mentation physics has not been demonstrated and (3)
Sm2Ti2O7 is iso-structural with Nd2Sn2O7 and therefore
the muon stopping sites are expected to be very similar.
We have demonstrated that Sm2Ti2O7 possesses all the
requisite ingredients for moment fragmentation physics.
Crystal field analysis of our neutron spectroscopy mea-
surements confirms that Sm2Ti2O7 has an Ising dipolar-
octupolar crystal field ground state doublet. Through
symmetry analysis of our neutron diffraction data, we
find that Sm2Ti2O7 orders into an all-in, all-out magnetic
structure below TN = 0.35 K, with an ordered moment of
µord = 0.44(7) µB. Muon spin relaxation measurements
identify persistent spin dynamics to temperatures well-
below TN and an absence of oscillations, consistent with
a fragmentation scenario.
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In this supplementary information we present the experimental details for the neutron scattering and muon
spin resonance experiments on Sm2Ti2O7. We then describe the Monte Carlo simulation (MC) we performed
using MCViNE [1] in order to estimate the absorption correction to the neutron spectroscopy of Sm3+ in
Sm2Ti2O7. Finally, we discuss the details of the crystal field calculation which we used to model the inelastic
neutron scattering data collected at the ARCS spectrometer.
Experimental Details
Polycrystalline samples of Sm2Ti2O7 were prepared by
conventional solid state synthesis, with repeated firings at
1450 C until phase pure. Multiple single crystals were grown
in a Quantum Design image furnace to optimize growth con-
ditions. Growth under flowing argon yielded the best samples,
judged by the homogeneous light yellow hue, visually similar
to the powder, as opposed to other darker samples. Due to the
high absorption cross section of natural abundance samarium,
a single crystal was grown using 99.8% enriched 154Sm2O3
(Cambridge Isotopes), under flowing argon gas.
Low-temperature specific heat measurements were per-
formed using the quasi-adiabatic technique. The heater and
thermometer were directly attached to a single crystal pla-
quette of Sm2Ti2O7 which was weakly linked to the mixing
chamber of a dilution refrigerator.
An approximately 3 gram segment of the isotopically en-
riched Sm2Ti2O7 crystal was used for neutron diffraction
measurements on D7 at the Institut Laue-Langevin (ILL) and
on HB-1A at the High Flux Isotope Reactor at the Oak Ridge
National Laboratory (ORNL). The crystal was aligned in the
(HHL) plane, attached to a copper mount with copper wire
to ensure good thermal contact, and then loaded in a dilution
fridge insert with a base temperature of 50 mK for these ex-
periments. A second segment of the crystal was used for crys-
tal field (CEF) measurements on SEQUOIA at the Spallation
Neutron Source at ORNL. The crystal was mounted on an alu-
minum plate with the (HHL) plane horizontal and then loaded
in a cryostat with a base temperature of 1.8 K. The crystal field
measurements were later reproduced on the ARCS spectrom-
eter, to provide improved high-temperature data. As perform-
ing an empty can subtraction on SEQUOIA was difficult due
to the absorption of the sample, for the ARCS experiment the
crystal was simply attached to a minimal amount of aluminum
wire such that no empty can subtraction was required. Sym-
metry analysis was performed with SARAh [2] and the rel-
ative peak intensities were calculated with the FullProf Suite
[3].
Zero-field muon spin relaxation (ZF-µSR) measurements
were performed with the Pandora spectrometer at the M15
muon beam line at TRIUMF. A single crystal of non-
isotopically enriched Sm2Ti2O7 was aligned along the [001]
direction and cut into slices approximately 2 mm thick cov-
ering a total surface area of 2 cm2. These crystal slices were
affixed directly to the dilution refrigerator cold finger using
Apiezon n-grease. Muons, initially polarized anti-parallel to
their momentum, were incident upon the [001] face.
Monte Carlo Simulation using MCViNE
As described in the main paper, our nominal 154Sm2Ti2O7
single crystal still contains enough neutron absorbing isotopes
of Sm to significantly affect the details of the neutron spectro-
scopic measurements we performed. The neutron absorption
correction is a property of the nucleus, and is thus unique to
each isotope. It is also a function of energy, and can display
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2FIG. S1. The neutron absorption cross section for different samar-
ium isotopes are shown as a function of energy. The resonance near
100 meV for 149Sm is particularly important in this analysis.
resonances in its energy spectrum. Fig. S1 shows the energy
dependence of the neutron absorption as a function of energy
for the isotope of Sm. One can see that 149Sm is a particu-
larly bad absorber, and it displays resonances in the absorption
near 100 meV and 800 meV. The resonance near 100 meV is
particularly relevant to the analysis of this experiment, as our
neutron spectroscopy was performed with incident neutrons
of Ei = 60 meV and 150 meV. The former is very close to
the 70.0(5) meV crystal field excitation measured at ARCS,
and it could affect the intensity of this mode in a non-trivial
way. We therefore carried out a Monte Carlo (MC) ray tracing
analysis of full direct geometry time-of-flight chopper instru-
ments using the MCViNE software package [1]. This allows
us to realistically estimate the effect of absorption, primarily
from 149Sm. Our simulation has been performed using the in-
strument parameters of the ARCS experiment, which include
an incident energy of Ei = 150 meV, a T0 chopper frequency
of 90 Hz, and a Fermi Chopper frequency of 600 Hz.
Two simulations were performed to understand the absorp-
tion coefficient of Sm2Ti2O7; one assuming zero absorption
and one incorporating absorption effects by comparing the
simulations to the neutron data shown in Fig. S1. The sample
kernel used in the simulations was created assuming a cylin-
drical sample of Sm2Ti2O7 with the same dimensions, absorp-
tion, isotopic content and orientation of the real sample. The
crystal field transition observed in the ARCS experiment at
16.3(5) meV is shown in Fig. S2, the other two excitations at
10 and 27 meV are phonons in Sm2Ti2O7 that have been ob-
served in other rare earth pyrochlores (e.g. Ref. [4]). These
crystal field transitions identified at 16.3(5) meV and 70.0(5)
meV were simulated by introducing two non-dispersive lev-
els in Q with the correct magnetic form factor for Sm3+. No
sample environment or multiple scattering corrections were
taken into account in this simulation. This calculation was
performed in parallel on 30 cores, with 10 billion iterations to
assure convergence and minimize the statistical noise.
The calculated S(Q,ω) of our MC simulation with an ap-
propriate absorption correction is shown in Fig. S3(a); indi-
vidual energy cuts through the crystal field levels and showing
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FIG. S2. S(Q, ~ω) for Sm2Ti2O7 measured at ARCS withEi = 60
meV. The data set clearly shows a crystal field transition at 16.3(5)
meV. The other two excitations at 10 meV and 27 meV are phonon
levels of Sm3+ that have been observed in other rare earth py-
rochlores (e.g. Ref. [4]). Moreover, the unusual, non-monotonic
form of the magnetic form factor for Sm3+, wherein the intensity
of this crystal field excitation decreases at low Q, is well captured by
our Monte Carlo simulation.
their Q-dependence are compared to the known Sm3+ mag-
netic form factor in Fig. S3(b). The agreement between this
MC simulation and the data set shown in Fig. S1(a) is excel-
lent. The absorption coefficient itself is estimated from the
intensity ratio of the Q-cuts (integration range of 1 to 5 A˚−1)
for the two MC simulations, one with and one without ab-
sorption. This absorption coefficient was then applied to our
data set before we proceeded with the crystal field analysis.
As a consistency check, we also examine the Q-dependence
of the crystal field transitions measured at ARCS in Fig. S4.
The blue and red markers represent the data collected at 5 K
and 200 K respectively, while the green markers indicate the
difference between the two data sets. The black line repre-
sents a fitting function consisting of a constant background,
a small Q2 term to account for a phonon background, and a
multiplicative term times the square of the Sm3+ magnetic
form factor. The Lande g-factor for Sm was fixed to 2/7. The
agreement between the data and the fit is excellent.
Crystal Field Program
In order to analyze the neutron scattering data and fit the
crystal electric field (CEF) excitations we developed a calcu-
3FIG. S3. The result of the Monte Carlo simulation for Sm2Ti2O7 are
shown: (a) S(Q,ω) simulated for the ARCS spectrometer withEi =
150 meV and showing the two crystal field transitions at 16.3(5) and
70.0(5) meV. (b) Energy cuts across the two crystal field transitions
are compared to the unusual magnetic form factor for Sm3+, which
is non-monotonic as a function of Q.
lation based on the point charge model [5] and the Stevens’
formalism [6]. The former neglects the overlap between the
orbitals and any relativistic corrections, while the latter is a
mathematical tool to write an expansion of the Coulomb po-
tential of the crystal based on the point group of the magnetic
ion site. In our sample, the magnetic rare earth ion sits at the
A-site of the pyrochlore lattice. Note that we rotated the ref-
erence system to align the local 〈111〉 direction along zˆ.
In general, the Coulomb potential of the crystal can be ex-
pressed using a linear combination of tesseral harmonics as
follows,
V (x, y, z) =
qj
4pi0
∞∑
n=0
rn
R
(n+1)
j
· Z (1)
Z =
∑
m
4pi
(2n+ 1)
Znm(xj , yj , zj)Znm(x, y, z). (2)
Here qj is the charge of the ligand, Rj is the position of the
ligand and Znm(xj , yj , zj) is the tesseral harmonic [5]. If
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FIG. S4. Energy cuts of the neutron data for Sm2Ti2O7are shown.
(a) A data set using Ei = 60 meV and showing the Q-dependence
of the 16.3(5) meV CEF transition is shown. (b) A data set us-
ing Ei = 150 meV and showing the Q-dependence of the 70.0(5)
meV CEF transition is shown. The Q-dependence of the crystal field
transitions measured at ARCS shows excellent agreement with the
known Sm3+ magnetic form factor. The fitting function consisted
of a constant background, a small Q2 term to account for a phonon
background, and a multiplicative term times the square of the mag-
netic form factor. The Lande g-factor for Sm was fixed to 2/7.
we centre our reference system on the magnetic ion, we can
rewrite the previous equation in this way,
V (x, y, z) =
1
4pi0
∞∑
n
∑
m
rnγnmZnm(x, y, z), (3)
where for k ligands,
γnm =
k∑
j=1
qj
R
(n+1)
j
4pi
2n+ 1
Znm(xj , yj , zj). (4)
Equation 4 gives the coefficients of the linear combination
of the tesseral harmonics. For every point group, only
a few terms in the expansion are non-zero (see Ref. [7])
and these terms coincide with the number of Stevens Op-
erators we use in our Hamiltonian. The point group of
both the scalenohedron and the trigonal anti-prism is D3d
and thus, following Prather’s convention [8], only the terms
Z20, Z40, Z43, Z60, Z63 and Z66 survive in our expansion.
4This convention states that the highest rotational C3 axis of
the system must form the zˆ axis and that the yˆ axis is defined
as one of the C2 axes. This assures that we have the minimum
number of terms in the Coulomb expansion.
Finally we can use the so called “Stevens Operators Equiv-
alence Method” to evaluate the matrix elements of the crys-
talline potential between coupled wave functions specified by
one particular value of the total angular momentum J . This
method states that, if f(x, y, z) is a Cartesian function of
given degree, then to find the operator equivalent to such a
term one replaces x, y, z with Jx, Jy , Jz respectively, keep-
ing in mind the commutation rules between these operators.
This is done by replacing products of x, y, z by the appropri-
ate combinations of Jx, Jy , Jz , divided by the total number
of combinations. Note that, although it is conventional to use
J or L in the equivalent operator method, all factors of ~ are
dropped when evaluating the matrix elements.
As we are studying the ground state (GS) of a rare-earth
system, without an external field applied, S2, L2, J2 and Jz
are good quantum numbers. Thus the crystal field Hamilto-
nian can now be written as:
HCEF = const.
∑
nm
[
e2
4pi0
γnm〈rn〉θn
]
Omn
=
∑
nm
[Amn 〈rn〉θn]︸ ︷︷ ︸
Bnm
Omn =
∑
nm
BnmO
m
n , (5)
where γnm is the same coefficient as in Eq. 4, e is the electron
charge, 0 is the vacuum permittivity, 〈rn〉 is the expectation
value of the radial part of the wavefunction, θn is a numeri-
cal factor that depends on the rare earth ion [5], const. is a
constant to normalize the tesseral harmonics and Omn are the
Stevens Operators.
The terms Amn 〈rn〉θn are commonly called crystal field pa-
rameters, and they coincide with the parameters we fit in our
calculation. A general form of the Hamiltonian for our system
is therefore:
HCEF = B20O
0
2 +B40O
0
4 +B43O
3
4
+B60O
0
6 +B63O
3
6 +B66O
6
6. (6)
Due to the fact that Sm3+ has L = 5, S = 5/2 and J = |L−
S| = 5/2, the B6m parameters in Eq. 6 are identically zero.
The remaining three CEF parameters are then simultaneously
varied to obtain the best agreement with the energies of the
excitations and their relative intensity. The quantity that the
calculation minimizes is:
χ2 =
∑
i
(Γiobs − Γicalc)2
Γicalc
, (7)
where Γcalc is the calculated quantity of interest and Γobs is
the observed quantity.
Following this spirit, the logic of the calculation is the fol-
lowing:
1. Starting with an initial set of CEF parameters that can
be calculated from first principles or taken from litera-
ture, we diagonalize our CEF Hamiltonian.
2. The eigenvalues are rescaled with respect to the ground
state energy and we calculate and normalize the inten-
sities of the CEF spectrum.
3. χ2tot = χ
2
Energy +χ
2
Intensity +χ
2
Spectrum is calculated
using Eq. 7.
4. The procedure is iterated using another set of CEF pa-
rameters in order to minimize χ2tot until we converge on
a solution which best estimates the experimental results.
The final CEF parameters Bnm so obtained are then used to
calculate the spectrum for a direct comparison with the data
set.
Examination of the Sm3+ eigenvectors, presented in Ta-
ble 1 of the main manuscript, show all three to be composed
of a single set of time-reversed pairs of basis states. The first
excited state at 16 meV is composed of pure |mJ = ±1/2〉,
while the second excited state at 70 meV is composed of pure
|mJ = ±5/2〉. A consequence of this is that the two excited
state eigenvectors are not connected by dipole-allowed selec-
tion rules. Indeed, neutron scattering data collected at 200 K,
where the 16 meV excited state would be thermally populated,
shows no evidence for a thermally excited crystal field transi-
tion between the 16 and 70 meV levels, which would appear
at approximately 54 meV. This is fully consistent with our as-
signment of the Sm3+ eigenvectors and eigenvalues.
Scaling of Crystal Field Parameters
As described in the main text, we obtain a secondary confir-
mation of our crystal field solution using scaling arguments.
This is achieved by starting from the CEF Hamiltonian for
Er2Ti2O7, which is highly constrained due to having a large
number of ground state crystal field transitions [9]. Following
Ref. [5] the scaling argument that connects the CEF param-
eters, Amn (R), between pyrochlores with varying rare earths
is:
Amn (R
′) =
an+1(R)
an+1(R′)
Amn (R), (8)
where a(R) = 10.233 A˚ is the cubic lattice parameter for
Sm2Ti2O7, taken from Ref. [10]. This scaling procedure pre-
dicts a ground state doublet composed of pure |mJ = ±3/2〉
well-separated from the first and second excited doublets, con-
sistent with our CEF analysis.
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